Low-frequency ocean ambient noise on the Chukchi Shelf in the changing Arctic by Bonnel, Julien et al.
Low-frequency ocean ambient noise on the Chukchi Shelf in the changing Arctic
Julien Bonnel, G. Bazile Kinda, and Daniel P. Zitterbart
Citation: The Journal of the Acoustical Society of America 149, 4061 (2021); doi: 10.1121/10.0005135
View online: https://doi.org/10.1121/10.0005135
View Table of Contents: https://asa.scitation.org/toc/jas/149/6
Published by the Acoustical Society of America
ARTICLES YOU MAY BE INTERESTED IN
Trends in low-frequency underwater noise off the Oregon coast and impacts of COVID-19 pandemic
The Journal of the Acoustical Society of America 149, 4073 (2021); https://doi.org/10.1121/10.0005192
Seabed type and source parameters predictions using ship spectrograms in convolutional neural networks
The Journal of the Acoustical Society of America 149, 1198 (2021); https://doi.org/10.1121/10.0003502
An empirical model for wind-generated ocean noise
The Journal of the Acoustical Society of America 149, 4516 (2021); https://doi.org/10.1121/10.0005430
Using anisotropic and narrowband ambient noise for continuous measurements of relative clock drift between
independent acoustic recorders
The Journal of the Acoustical Society of America 149, 4094 (2021); https://doi.org/10.1121/10.0004996
Influence of seabed on very low frequency sound recorded during passage of merchant ships on the New
England shelf
The Journal of the Acoustical Society of America 149, 3294 (2021); https://doi.org/10.1121/10.0004991
Robust North Atlantic right whale detection using deep learning models for denoising
The Journal of the Acoustical Society of America 149, 3797 (2021); https://doi.org/10.1121/10.0005128
Low-frequency ocean ambient noise on the Chukchi Shelf
in the changing Arctic
a)
Julien Bonnel,1,b) G. Bazile Kinda,2 and Daniel P. Zitterbart1
1Applied Ocean Physics and Engineering, Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 02540, USA
2Sciences et Techniques Marines, Service Hydrographique et Oceanographique de la Marine, 13 rue du Chatellier, CS 92803,
Brest 29228, France
ABSTRACT:
This article presents the study of a passive acoustic dataset recorded on the Chukchi Shelf from October 2016 to July
2017 during the Canada Basin Acoustic Propagation Experiment (CANAPE). The study focuses on the low-
frequency (250–350 Hz) ambient noise (after individual transient signals are removed) and its environmental drivers.
A specificity of the experimental area is the Beaufort Duct, a persistent warm layer intrusion of variable extent cre-
ated by climate change, which favors long-range acoustic propagation. The Chukchi Shelf ambient noise shows tra-
ditional polar features: it is quieter and wind force influence is reduced when the sea is ice-covered. However, the
study reveals two other striking features. First, if the experimental area is covered with ice, the ambient noise drops
by up to 10 dB/Hz when the Beaufort Duct disappears. Further, a large part of the noise variability is driven by dis-
tant cryogenic events, hundreds of kilometers away from the acoustic receivers. This was quantified using correla-
tions between the CANAPE acoustic data and distant ice-drift magnitude data (National Snow and Ice Data Center).
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I. INTRODUCTION
The Arctic Ocean has been undergoing massive climate
warming induced changes over recent decades. The most
prominent one is the decrease in sea ice coverage, thickness,
and duration. Sea ice-free summers could appear as early as
mid-century (Notz and SIMIP Community, 2020). In the
Canada Basin, the ice-free area has increased by as much as
70% compared to the climatological mean (Wood et al.,
2015), making it one of the most impacted regions in the
Arctic considering sea ice reduction and ocean stratification
(McLaughlin et al., 2011). Aside from reduced sea ice, the
Beaufort Duct, a recurring Pacific warm water intrusion first
observed in the early 1970s, has increased its geographic
spread (Toole et al., 2010). It has become persistent and
more prominent throughout the year, as observed by the
Woods Hole Oceanographic Institution’s Ice-Tethered
Profiler (ITP) program (Woods Hole Oceanographic
Institution, 2016; Krishfield et al., 2008; Toole et al., 2011).
Today, the Beaufort Duct (Duda, 2017) is present year-
round in Arctic Ocean waters (Fig. 1) and extends at least
up to 76 N (Krishfield et al., 2008). Due to the significant
impacts of the Beaufort Duct on the acoustic propagation, it
has recently received increased attention in the literature
(Ballard and Sagers, 2020; Chen et al., 2019; Lynch et al.,
2018; Ozanich et al., 2017).
Underwater ambient sound (ISO 18405:2017, 2017) is
composed of the superposition of countless abiotic, biotic,
and anthropogenic sounds. The main abiotic sound sources
include sea surface processes, such as waves, precipitation,
and wind stress, as well as geophysical processes, such as
earthquakes and volcanic activities (Dziak et al., 2011). In
polar regions, the underwater ambient sound is heavily influ-
enced by ice generated sounds, which are comprised of ice-
berg and sea ice melting (Glowacki et al., 2018; Urick,
1971), ice cracking (Milne and Ganton, 1964), iceberg calv-
ing (Matsumoto et al., 2014), iceberg vibrations (M€uller
et al., 2005), and shearing and rubbing between moving ice
blocks (Kinda et al., 2015). Sea ice cover generally lowers
the ambient noise by reducing the wind stress on the sea sur-
face, limiting the creation of waves and bubbles. Marine
mammals are another main component of the polar ocean
underwater ambient sound (Ahonen et al., 2017; Filun et al.,
2020; Haver et al., 2017; Heimrich et al., 2020; Menze
et al., 2017; Stafford et al., 2007a). The polar oceans are
generally quieter compared to other oceans due to fewer
anthropogenic noise sources, such as shipping, construction,
and geophysical prospection. Nonetheless, in the last
30 years, ship traffic in the Arctic has at least doubled
(Judson, 2010) and thereby increased the anthropogenic
footprint on the ambient sound. The expected further reduc-
tion of sea ice, opening up the North West Passage (the
shortest route connecting Europe and Asia by sea) possibly
for year-round shipping (Melia et al., 2016) is likely to fur-
ther increase ambient noise levels (ANLs) in the Arctic
Ocean, especially on the Chukchi Shelf, where all North
a)This paper is part of a special issue on Ocean Acoustics in the Changing
Arctic.
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West Passage traffic would sail through. Ship traffic in the
Arctic has been shown to affect the behavior of Antarctic
cod (Ivanova et al., 2020). Also, half the sub-populations of
Arctic marine mammals are susceptible to the impacts of
increased shipping (Hauser et al., 2018).
This study focuses on the Chukchi Shelf area. As stated
in the Introduction, an important oceanographic feature is
the Beaufort Duct. In conjunction with the disappearance of
multi-year sea ice with deep underwater ridges, the duct is
known to significantly improve the acoustic propagation
conditions (Ballard and Sagers, 2020), which is favorable
for underwater acoustic communication (Freitag et al.,
2015). In this paper, we study the impact of the Beaufort
Duct on the low-frequency (250–350 Hz) ambient noise
(obtained after removing transient signals from the ambient
sound) on the Chukchi Shelf measured at the depth of the
duct, using passive acoustic monitoring data from the
Canada Basin Acoustic Propagation Experiment (CANAPE)
(Worcester et al., 2018). The considered low-frequency con-
text is important for marine life (e.g., Menze et al., 2017;
Stafford et al., 2007a) and is known to be impacted by
human activities (Hildebrand, 2009). Geophysical noise,
including cryogenic events, is another important source of
noise in this frequency band (e.g., Kinda et al., 2013; Urick,
1971). The frequency band considered in this study
(250–350 Hz) is relatively narrow but is assumed to be rep-
resentative of the low-frequency context. Last but not least,
this specific frequency band was occupied by several acous-
tic sources deployed during the CANAPE experiment
(Ballard and Sagers, 2020; Worcester et al., 2018).
Consequently, the result of the present passive acoustic
study can be compared with active acoustic studies from the
CANAPE group.
The paper’s main contributions are twofold. First, we
find that underwater ANLs are increased by 5–10 dB/Hz
when the Beaufort Duct is present on the Chukchi Shelf.
Further, we demonstrate that during the Arctic winter, a
pervasive ambient noise driver is distant cryogenic activ-
ity, hundreds of kilometers away from the recording
location.
II. MATERIALS AND METHODS
A. The Canada Basin acoustic propagation
experiment
The CANAPE was conducted in 2016 and 2017 in the
Canada Basin (deep water, hereinafter DW-CANAPE) and
on the Chukchi Shelf (shallow water, hereinafter SW-
CANAPE). Many acoustic assets, both receivers and sour-
ces, were deployed as part of the experiment. This paper
relies on a year-long passive acoustic dataset collected by
Woods Hole Oceanographic Institution (WHOI) on the
Chukchi Shelf (SW-CANAPE). Five “several hydrophone
recording unit” (SHRU) moorings were deployed on the
shelf edge. Each mooring consists of a vertical line hydro-
phone array (four channels) with temperature and pressure
sensors.
Although the study focuses on the acoustic data col-
lected by the SHRUs, the proposed method also relies on
information collected using various DW-CANAPE and SW-
CANAPE assets. In particular, our study benefits from the
presence of seven physical oceanography moorings
deployed by the University of Delaware on the Chukchi
Shelf. Water temperature information, as shown in Fig. 5 of
Ballard et al. (2020), was used to evaluate the presence of
the Beaufort Duct on the SW-CANAPE area. Further, the
study focuses on a frequency band that is occupied by a set
of six acoustic sources deployed by the Scripps Institution
of Oceanography in the DW-CANAPE area. Those signals
are known to propagate from the deep Canada Basin to the
shallow Chukchi Shelf (Ballard et al., 2020). They consti-
tute a nuisance for our study, and dedicated processing will
be used to reject them.
B. Data
1. Acoustic data
This study uses passive acoustic data collected on a
mooring called SHRU5, located at 72.908 N, 157.484W,
where the water depth is 445 m. This specific SHRU has
been chosen as it was the mooring with the lowest self-
noise. The four SHRU5 hydrophones were placed at depths
from 163 to 170.5 m with a regular sensor spacing of 2.5 m.
Here, only the deepest hydrophone is used. The study also
FIG. 1. (Color online) Chukchi Sea sound speed profiles: 741 ITP measure-
ments within 300 km of the recording location have been used to build 3-
month averages, showing the year-round existence of the Beaufort Duct in
deep water.
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considers data collected on a mooring called SHRU1,
located at 72.907 N, 159.018W, with water depth equal to
302 m. SHRU1 also has four hydrophones, but a single
channel at depth 163 m is used. All the acoustic data were
recorded continuously from October 22, 2016 to July 30,
2017, with sampling frequency fs ¼ 3906:2 Hz.
Most of the study focuses on the SHRU5 data. The data
from SHRU1 will exclusively be used to assess the consis-
tency of distant cryogenic noise drivers, and SHRU1 has
been chosen to maximize the distance with SHRU5. SHRU1
and SHRU5 are separated by about 50 km.
2. Environmental data
This study involves a quantitative comparison of the
acoustic data with various independent environmental data:
local ice concentration (IC), local wind speed (WS), and
global ice drift in the Arctic. Those are known to highly
impact the low-frequency ambient sound (Kinda et al.,
2013).
IC data are available online from the Integrated Climate
Data Center (ICDC, 2020). The data have a daily period and
a resolution of 12.5 km  12.5 km. IC is given as the per-
centage of the area covered with sea ice for a given grid
cell. It is obtained by satellite remote sensing (special sensor
microwave/imager and special sensor microwave/imager
sounder), and the ARTIST Sea Ice algorithm (Kaleschke
et al., 2001; Spreen et al., 2008). Note that ICDC also
applies a 5-day median filter to reduce the weather influence
(Kern et al., 2010). In this article, we consider exclusively
IC at the acoustic receiver locations.
WS data are available online from the European Centre
for Medium-Range Weather Forecasts (ERA5 dataset)
(ECMWF, 2019). The data have a time resolution of 3 h and
a spatial resolution of 0.25  0.25. WS (in m/s) are
obtained by a combination of models and data assimilation
to “reanalyze” archived observations. Here, again, our study
focuses on local data at the receiver location.
Global ice drift over the Arctic is available online from
the National Snow and Ice Data Center (Tschudi et al.,
2019). The data are a daily two-dimensional (2D) vector
field (in cm/s), with a spatial resolution of 25 km  25 km.
The data are obtained by satellite remote sensing (passive
microwave or scatterometer) and a multi-sensor merging
algorithm. In this article, the whole Arctic dataset is used.
However, the 2D vector field is reduced to the one-




Based on local oceanographic observations, notably the
ice cover and the potential presence of the Beaufort Duct,
the measurement period is divided into three segments. To
define the time segments, the potential presence of ice is
defined using the IC. If IC is <15%, the sea is assumed to
be ice-free. If IC is >85%, the sea is assumed to be ice-
covered. Further, the period with ice (IC >85%) is arbi-
trarily cut into two equal parts. The Beaufort Duct is
assumed to be mostly present on the experimental area dur-
ing the first period, and the validity of this assumption is dis-
cussed below.
The acoustic recording starts on October 22, 2016 and
ends on July 30, 2017. Over this period, the time segmenta-
tion, based on IC, is as follows:
• October 22, 2016 to November 8, 2016: the sea is ice-free
(IC <15%);
• November 23, 2016 to June 22, 2017: the sea is covered
with ice (IC >85%);
• July 12, 2017 to July 30, 2017: the sea is ice-free (IC
<15%).
During the periods that are not mentioned above
(November 8–23, 2016 and June 22–July 12, 2017), the IC
has intermediate values: the ice is either forming or
retracting.
Further, the middle of the ice-covered period is March 8,
2017. In this study, this date is used as a proxy to mark the
local disappearance of the Beaufort Duct. This choice is con-
sistent with published oceanographic data showing that the
Beaufort Duct gradually disappears from the CANAPE exper-
imental area in March 2017 [Ballard et al. (2020), Fig. 5].
2. Spectral analysis of acoustic data
The acoustic data analysis relies on the assumption that
the ambient sound can be described as the superposition of a
diffuse broadband ambient noise and various individual
transient signals. The acoustic data analysis is performed in
the spectral domain. First, power spectral densities (PSD)
(in dB re 1 lPa2/Hz) are computed to characterize the over-
all ambient sound. Further, ANLs (in dB re 1 lPa2/Hz) are
computed to characterize the underlying diffuse noise
(Carey and Evans, 2011). Note that ANL has been used in
previous polar underwater acoustic studies (Kinda et al.,
2013; Roth et al., 2012). It can be estimated by manually
removing data snapshots with transient signals (Roth et al.,
2012). Here, we use an automated algorithm, as proposed by
(Kinda et al., 2013). The whole method is briefly described
below.
Formally, the acoustic data are divided into 7 min snap-
shots, without overlap. For each snapshot, a short-time
Fourier transform (STFT) is computed with a sliding win-
dow of 62.5 ms and 50% overlap. The resulting spectra (i.e.,
square modulus of the FT) are averaged to obtain an estima-
tion of the PSD. This method is called Bartlett’s method, or
averaged periodogram (Bartlett, 1948). The PSD time series
is representative of the long-term ambient noise (Curtis
et al., 1999); it is now usually called a long-term spectral
average (LTSA) (in dB re 1 lPa2/Hz).
The ANL is estimated using a process that relies on the
same 7-min snapshots and on the same short-time spectra.
However, instead of averaging the spectra, the ANL is esti-
mated from the 15th percentile computed in each frequency
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bin, following a statistical method presented in (Huillery
et al., 2008). This process is iterated on all snapshots, which
leads to an ANL measure every 7 min.
The ANL time series is processed in two different man-
ners. First, monthly histograms are computed to produce
empirical probability of the power spectral densities (EPSD)
(in dB re 1 lPa2/Hz) (Merchant et al., 2013) of the ambient
noise. Further, the 7-min ANL data are averaged into a fre-
quency band to obtain a mean value in that band. Here, the
chosen band is 250–350 Hz, and the corresponding mean
ANL, centered around 300 Hz, is denoted ANL300; it is
assumed to be representative of the low-frequency ambient
noise. This choice is similar to the one done by Kinda et al.
(2013), who integrated ANL in 10–500 Hz. Note that the
PSD time series is processed in the same way, leading to a
mean PSD300 in the 250–350 Hz band.
The central frequency chosen here (300 Hz) ensures
that, on each mooring, the receivers are approximately
spaced by k=2, with k the wavelength. Although no beam-
forming is considered in the current study, this choice opens
the door to beamforming for future studies. Also, the short
window that is used to compute STFT (62.5 ms) implied a
relatively poor frequency resolution (15 Hz). However, it
is sufficient to analyze the 250–350 Hz band, and it allows
good rejection of short transient signals (less than a few
minutes) when computing the ANL. It notably allows us to
filter the active source signals from DW-CANAPE.
3. Link between acoustic and environmental data
Correlation between ANL300 and environmental data
are computed to estimate the main noise drivers. The vari-
ous datasets have different sampling periods: 7 min
(ANL300), 3 h (WS), and 24 h (IDM and IC). To compute
correlation with a given environmental variable, ANL300 is
first decimated to the relevant sampling frequency (same as
the environmental variable).
Correlations are computed between ANL300 and the
local environmental variable (IC and WS) at different time
scales. The correlation between ANL300 and IC is computed
for the whole dataset, while the correlation between ANL300
and WS is computed over 31-day sliding windows, without
overlap.
Correlation between ANL300 and IDM is computed for
an area that covers the whole Arctic ocean (north of the ice-
edge), as in Kinda et al. (2013). To do so, the ANL300 is cor-
related with the IDM time series, as obtained at each pixel
of the IDM map. Mathematically, for a given 2-month
period centered on time t0, one computes the correlation
map
Mðx; y; t0Þ ¼ C nðt0Þ; dðx; y; t0Þ½ ; (1)
with x the latitude, y the longitude, C the Pearson correlation
function, nðt0Þ the 2-month ANL300 time series centered on
t0, and dðx; y; t0Þ the 2-month time series centered on t0 of
the IDM at position (x, y). The variable t0 is incremented by
2-week amounts, effectively creating a 2-month sliding win-
dow with 75% of overlap.
All correlation results are quantified using the correla-
tion coefficient R and the p value. Correlation coefficients
reported in this paper all have p < 0.05. Correlation coeffi-
cients with p > 0.05 are deemed to be statistically insignifi-
cant and are not reported here. The local correlations (with
WS and IC) are obtained using ANL300 from SHRU5. The
spatial correlations (with IDM) are obtained using data from
SHRU5 and SHRU1.
Last but not least, ANL300 histograms are computed for
the three time periods defined in Sec. II C 1.
III. RESULTS
A. Ambient noise levels and influence of ice cover
The PSD-LTSA, ANL-LTSA, PSD300, and ANL300 are
shown in Fig. 2, along with the IC. The ANLs are clearly
lower than the PSDs. A detailed examination of the LTSAs
confirms that transient signals present in the PSD-LTSA are
absent in the ANL-LTSA. This is notably true for the active
source signals from the DW-CANAPE experiment, which
have been filtered. This phenomenon is more evident from
PSD300 and ANL300: the PSD300 dispersion (i.e., the appar-
ent thickness of the blue curve) is due to the acoustic sour-
ces. A zoom over a few days of data (October 27–29)
confirms that SPL300 contains recurrent large spikes, i.e., the
active source signals.
Both ANL and PSD qualitatively show that the ambient
sound is quieter when the sea is covered with ice. This is
quantitatively confirmed by the correlation between ANL
and IC. The correlation coefficient R ¼ 0:6 clearly indi-
cates that ANL increases when IC decreases, and vice versa.
Monthly EPSD are presented in Fig. 3, with mean IC
indicated in red in each subplot. The EPSD confirm the
ANL trend. November 2016 corresponds to an intermediate
situation with a mean IC of 53%. December 2016 to June
2017 are months during which the sea is fully ice-covered
(mean IC >90%). They all have ANLs that are significantly
lower than July 2017, a period when the sea is mostly ice-
free (mean IC ¼ 25%). During the ice-covered period, the
ANLs have a decreasing pattern that starts in March 2016.
While very low ANLs occur in March, they are more fre-
quent from April to June. The noise floor of the recording
system is reached by a limited number of data points in
March/April for frequencies above 200 Hz and levels below
35 dB re 1 mPa2/Hz.
The time variability of the ambient noise is made more
concise by plotting ANP300 histograms during the three time
periods defined in Sec. II C 1. The result, illustrated in
Fig. 4, shows three distributions that are clearly distinct.
ANP300 is clearly highest when the sea is ice-free, with a
mean value MV ¼ 87.4 dB/Hz and a most probable value
MP ¼ 88.5 dB/Hz. Further, when the sea is covered with
ice, ANP300 is larger when the duct is present (MV
¼ 78.2 dB/Hz, MP ¼ 76 dB/Hz) than when the duct is
absent (MV ¼ 73.1 dB/Hz, MP ¼ 67.5 dB/Hz).
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B. Influence of local WS
Monthly scatter plots showing the link between ANL300
and WS are presented in Fig. 5. A significant correlation
between ANL300 and WS is found every month. Correlation
coefficients are higher during months that are not fully ice-
covered (November 2016 and July 2017), with R  0:7.
When the experimental area is fully ice-covered, correlation
coefficients are lower but significant (0:2 < R < 0:6), even
when the Beaufort Duct is present (early December 2016 to
end of February 2017). The relationship between ANL300
and WS also depends on the ice condition: a WS change cre-
ates a larger ANL300 change when the sea is not covered
with ice (see the slope of the black lines in Fig. 5).
The scatter plots also reproduce the result from Fig. 4:
when the sea is covered with ice, the ANL300 values are
much lower when the duct is absent than when it is present.
C. Influence of distant ice drift
An example of spatial correlation between ANL300 and
IDM is presented in Fig. 6, both for SHRU1 and SHRU5.
The maps (left column) show a clear correlation with distant
drift magnitude, with a similar pattern for the two receivers.
The figure also shows (right column) the ANL300 time
series, along with the ID time series at the location where
the correlation is maximum (red cross on the maps). This
shows that the correlation is driven by overall tendencies,
FIG. 2. (Color online) Long-term spectral averages for the raw data (top) and for the estimated ambient noise (middle) and associated mean values in the fre-
quency band 250–350 Hz (bottom). In the top two panels, the red curve is proportional to the local IC, with a minimal value of 0% and a maximal value of
100%.
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not just by strong transient events. This is further confirmed
by the high R values (SHRU5: R  0:6; SHRU1: R  0:7).
Although Fig. 6 is an illustrative example, it has fea-
tures that are representative of other time periods. Spatial
correlations were computed from November 1, 2016 to July
30, 2017. The time period with significant results is from
December 1, 2016 to May 30, 2017, with 0:4 < R < 0:7. At
other times (November 2016, June and July 2016), the ID
data are too scarce (i.e., with a lot of missing points) for the
correlation to be meaningful.
All the correlation maps for SHRU5 are presented in
Fig. 7. Over this whole period, the position of the correlation
maximum stays between latitudes 75 N and 77 N, while its
longitude is gradually moving eastward from 180W to
150W. The distance between this point and the acoustic
receivers is between 270 and 770 km. Last but not least, an
animated figure that shows all the results (correlation maps
and time series) for SHRU1 and SHRU5 is provided as sup-
plementary material.2 When comparing the results between
FIG. 3. (Color online) Monthly EPSD of ANLs and monthly averages of the local IC.
FIG. 4. (Color online) Histograms of the averaged ANLs (250–350 Hz)
depending on the ice and duct conditions.
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the two acoustic datasets, the IDM grid point that maximizes
the correlation is the same for SHRU1 and SHRU5 four
times out of nine. A detailed examination of all the correla-
tion maps shows that when the grid point is not strictly the
same, the overall correlation area is nonetheless identical.
IV. DISCUSSION
This study demonstrates that the low-frequency
(250–350 Hz) ambient noise on the Chukchi Shelf is driven
by local (WS, IC), distant (IDM), and pervasive (Beaufort
Duct) oceanographic features. As in many polar areas, the
ambient noise largely depends on the local ice cover; it
shows a classic quiet-under-ice pattern (Dziak et al., 2015;
Kinda et al., 2013; Menze et al., 2017). Further, ambient
noise is also driven by local WS: it tends to increase when
WS increases. Although our dataset covers a very short
period (about 3 weeks) with open-sea conditions, it still
shows that the relationship between ambient noise and WS
differs based on ice condition, the impact of WS being
smaller when the area is fully covered with ice. This is a
well-known polar phenomenon that can be found both in the
Arctic (e.g., Roth et al., 2012) and in the Antarctic (e.g.,
Menze et al., 2017). More specifically, the highest correla-
tion between WS and noise is in November 2016. This cor-
responds to a period of transition during which the local IC
is highly variable, the experimental area consisting of a mix-
ture of water and ice. Studies in the marginal ice zone
showed that such environments are characterized by high
levels of low-frequency noise. Such noise is indirectly gen-
erated by wind, which creates interactions between ice floes
and waves or swells (Diachok and Winokur, 1974;
Johannessen et al., 2003).
More interestingly, our study is one of the few that link
long-term ambient noise to distant cryogenic activity. As in
Kinda et al. (2013), we demonstrate that ambient noise is
correlated with IDM events that occur hundreds of kilo-
meters away from the acoustic measurement (up to 770 km).
FIG. 5. (Color online) Three-hour averaged ANLs in 250–350 Hz versus WS and associated linear fit and correlation coefficient (R). All the p values are
<0.001. The data points are segmented into two groups, depending on the local IC value: blue circles represent data with IC <50% while red crosses repre-
sent data with IC >50%.
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Further, we demonstrate for the first time how, over the
6 months of the Arctic winter, the location of an important
cryogenic noise driver drifts by more than 900 km. This
analysis has been performed on two datasets that were col-
lected on moorings separated by 50 km. Both datasets
show very similar results. We thus hypothesize that the
cryogenic sound source that is observed here radiates noise
over most of the Alaskan Chukchi Shelf.
Additionally, our result is the first to demonstrate the
profound impact of the Beaufort Duct on the ambient sound.
If the experimental area is ice-covered, the low-frequency
ambient noise drops by 5–10 dB/Hz when the Beaufort Duct
disappears. This confirms that a significant part of the ambi-
ent noise is driven by distant sound sources. Interestingly,
some of the ambient noise variability remains driven by dis-
tant cryogenic events, even when the duct is absent from the
experimental area (March to May), and thus the environ-
ment is less favorable for long distance propagation. This is
likely because the experimental area is still covered with
ice, which tends to cover the local surface noise drivers. As
a result, ANLs are low, but some of the variability of the
remaining noise is still driven by distant sources. Although
this study focuses on IDM, other sources likely contribute to
the low-frequency noise, including diverse cryogenic phe-
nomena (Collins et al., 2019) and marine mammals
(Stafford et al., 2007b).
The importance of the Beaufort Duct to long-range
acoustic propagation is not a new topic. It has been pre-
dicted by acoustic propagation models, e.g., see Fig. 5 from
Lynch et al. (2018), which shows propagation within the
Beaufort Duct at 250 Hz. It has also been numerically and
experimentally investigated during the CANAPE experi-
ment. Low-frequency signals (200–300 Hz) from sources
located in the Canada Basin were recorded at our experi-
mental sites, with propagation distance between 370 and
520 km (Ballard et al., 2020). Over the course of the experi-
ment (1 year), the active source received levels (either mod-
eled or numerically measured) differ by up to 60 dB,
reaching their lowest levels from March to July (Ballard
et al., 2020). This temporal variability, driven by the disap-
pearance of the Beaufort Duct on the Chukchi Shelf in
March and by ice melt in early July, is similar to what we
observe in the ANL data. However, the observed variability
is much slower for the ANL (up to 10 dB) than for the active
source signals (up to 60 dB). Indeed, a direct comparison
between the dB levels cannot be done, since one is a specific
FIG. 6. (Color online) Spatial correlation between ANL (250–350 Hz) and ice drift for SHRU5 and SHRU1. The maps (left) show the spatial correlation
between the ANL and the ice drift, for SHRU5 (top) and SHRU1 (bottom). On each map, the black cross is the position of the acoustic receiver, while the
red cross is the position where the correlation is maximum. The color scale gives the value of the correlation coefficient R when p < 0.05, while white color
indicates locations with p  0:05. The time series (right) shows the normalized ambient noise data (averaged over 2 days) and the normalized ice-drift evolu-
tion at the location where the correlation is maximum (i.e., the position that is highlighted by a red cross on the corresponding map).
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point-to-point propagation scenario (active acoustics) while
the other integrates a spatial continuum of natural sources
(passive acoustics). Still, our result shows that the oceano-
graphic conditions that drive long-range acoustic propaga-
tion are also important to understand the ambient sound.
Importantly, one must consider that in our study, the
importance of the Beaufort Duct is likely magnified by the
depth of our acoustic recorders. Deployment depth has spe-
cifically been chosen to be within the duct to maximize the
listening range. If a similar study was done using a recorder
at another depth (e.g., bottom moored), the impact of the
Beaufort Duct likely would be smaller.
Nonetheless, the persistence and increasing geographic
spread of the Beaufort Duct has large implications for the
ocean ambient noise in the Chukchi Shelf and Beaufort Sea.
Underwater acoustic communication (Freitag et al., 2015)
becomes possible over larger distances or with less power,
opening new perspectives of communication with and navi-
gation of long-range under-ice autonomous vehicles
(Kaminski et al., 2010; Kukulya et al., 2016). Under-ice
acoustic float networks that utilize sound sources for float
localization can operate over longer distances, and acoustic
tomography experiments can be conducted with less acous-
tic power while keeping the same footprint. Further, the
ambient noise variability due to the changing environmental
conditions needs to be properly accounted for in ambient
noise models. Those are needed to assess the acoustic foot-
print of anthropogenic activities as well as to evaluate the
performance of sonar systems.
The changing Beaufort ambient sound not only has
impacts on technical applications; it also affects the ecosys-
tem. As an important example, the Beaufort Duct could
increase the communication space of bowhead whales.
Bowhead whales have a large call repertoire (Clark and
Johnson, 1984), ranging from 100 to 3000 Hz. They
notably produce frequency modulated calls with most of the
energy below 500 Hz, and they dive to duct-relevant depths
(Heide-Jørgensen et al., 2013; Simon et al., 2009). Bowhead
calls have been detected and localized over dozens of kilo-
meters (Bonnel et al., 2014). Their active acoustic space is
estimated to range up to 130 km for low-frequency calls
(100 Hz) and up to 40 km for higher frequencies (Tervo
et al., 2012), which is significantly lower than for fin and
blue whales. A larger active acoustic space, created by
FIG. 7. (Color online) Correlation maps between the mean ANL (250–350 Hz) and the IDM (SHRU5). On each map, the black cross is the position of the
acoustic receiver, while the red cross is the position where the correlation is maximum. The color scale gives the value of the correlation coefficient R when
p < 0.05, while white color indicates locations with p  0:05.
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favorable propagation conditions in the Beaufort Duct,
could be beneficial for communication within the
Bering–Chukchi–Beaufort stock or eventually facilitate an
acoustic link across different bowhead stocks.
Despite opportunities that arise due to an increase in
communication range, improved acoustic propagation natu-
rally increases the overall ocean ANL as shown in this
study. This needs to be considered in light of the changing
Arctic. The improved acoustic propagation conditions will
amplify the effects of the expected increased vessel traffic
(Halliday et al., 2017), hydrocarbon exploration, and associ-
ated construction efforts along the Chukchi Shelf (Gering
and Zaki, 2020), posing significant risk to a marine life that
still is naive to anthropogenic noise.
The impact of underwater noise on marine life has been
intensively studied in the last decades (Erbe et al., 2019).
Endemic to the Arctic Ocean, bowhead whales have been
shown to react to airgun sounds by changing their calling
rates (Blackwell et al., 2015), which is triggered depending
on the sound exposure level. The use of airguns for hydro-
carbon exploration or shipping under increased underwater
acoustic propagation conditions would insonify larger areas,
thus likely changing the behavior of more animals at the
same time, which might be detrimental to the population
(Halliday et al., 2020). Such effects need to be carefully
considered and might trigger a re-evaluation of current pro-
tection measures, such as mitigation radii.
The same argument can be made for any Arctic marine
species that has shown significant behavioral responses to
anthropogenic noise. Arctic cod, for example, has been
shown to change its movements and behavior in response to
shipping noise potentially scaring it off its feeding grounds
(Ivanova et al., 2020). Our understanding of behavioral
impacts of underwater noise on invertebrates is still in its
infancy (Jolivet et al., 2016; Tidau and Briffa, 2016), and
nothing is known of the potential impact of noise on Arctic
invertebrates (PAME, 2019).
Overall, our results have profound implications for
noise forecasting in a rapidly changing Arctic. They demon-
strate the importance of global propagation to correctly
understand the acoustical environment. This, more than
ever, will be of paramount importance to forecast—and mit-
igate—the impact of anthropogenic activities on the Arctic
acoustical environment.
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